Repetitive DNA sequences are subject to gene silencing in various animal species. Under specific circumstances repetitive DNA sequences can escape such silencing. For example, when exogenously added, extrachromosomal DNA sequences that are stably inherited in multicopy repetitive arrays in the nematode C. elegans are frequently silenced in the germline, whereas such silencing often does not occur in the soma. This indicates that somatic cells might utilize factors that prevent repetitive DNA silencing. Indeed, such "anti-silencing" factors have been revealed through genetic screens that identified mutant loci in which repetitive transgenic arrays are aberrantly silenced in the soma. We describe here a novel locus, pals-22 (for protein containing ALS2CR12 domain), required to prevent silencing of repetitive transgenes in neurons and other somatic tissue types. pals-22 deficiency also severely impacts animal vigor and confers phenotypes reminiscent of accelerated aging. We find that pals-22 is a member of a large family of divergent genes (39 members), defined by the presence of an ALS2CR12 domain. While gene family members are highly divergent, they show striking patterns of genomic clustering. The family expansion appears C. elegansspecific and has not occurred to the same extent in other nematode species. Previous transcriptome analysis has revealed that most of the pals genes are induced under stress conditions or upon infection by intracellular parasites. The transgene silencing phenotype observed upon loss of cytoplasmically localized PALS-22 protein depends on the biogenesis of small RNAs, since silencing is abolished in the RNAi defective mutant rde-4, suggesting that pals-22 might regulate RNAi dependent silencing in the cytoplasm of neurons and other tissues. We speculate that the pals gene family may be part of a species-specific cellular defense mechanism.
ABSTRACT
Repetitive DNA sequences are subject to gene silencing in various animal species. Under specific circumstances repetitive DNA sequences can escape such silencing. For example, when exogenously added, extrachromosomal DNA sequences that are stably inherited in multicopy repetitive arrays in the nematode C. elegans are frequently silenced in the germline, whereas such silencing often does not occur in the soma. This indicates that somatic cells might utilize factors that prevent repetitive DNA silencing. Indeed, such "anti-silencing" factors have been revealed through genetic screens that identified mutant loci in which repetitive transgenic arrays are aberrantly silenced in the soma. We describe here a novel locus, pals-22 (for protein containing ALS2CR12 domain), required to prevent silencing of repetitive transgenes in neurons and other somatic tissue types. pals-22 deficiency also severely impacts animal vigor and confers phenotypes reminiscent of accelerated aging. We find that pals-22 is a member of a large family of divergent genes (39 members), defined by the presence of an ALS2CR12 domain. While gene family members are highly divergent, they show striking patterns of genomic clustering. The family expansion appears C. elegansspecific and has not occurred to the same extent in other nematode species. Previous transcriptome analysis has revealed that most of the pals genes are induced under stress conditions or upon infection by intracellular parasites. The transgene silencing phenotype observed upon loss of cytoplasmically localized PALS-22 protein depends on the biogenesis of small RNAs, since silencing is abolished in the RNAi defective mutant rde-4, suggesting that pals-22 might regulate RNAi dependent silencing in the cytoplasm of neurons and other tissues. We speculate that the pals gene family may be part of a species-specific cellular defense mechanism.
INTRODUCTION
Over half the human genome consists of repetitive DNA elements (LANDER et al. 2001 ; DE KONING et al. 2011) . The view of the role of repetitive DNA has evolved in the last decades from considering it as "junk DNA" to the recognition of repetitive DNA as essential for genome function (DOOLITTLE AND To balance the deleterious and beneficial features of repetitive sequences, organisms have evolved ways to finely tune the regulation of repetitive DNA elements (SCHLESINGER AND GOFF 2015; CHUONG et al. 2017) . For example, endogenous silencing mechanisms have evolved to prevent genome damage by the spread of mobile repetitive DNA elements. Silencing is achieved by DNA binding proteins, histone modifications and DNA methylation, both of which can be directed by sequence-specific repressive transcription factors and by small RNAs. For example, retrotransposons are extensively recognized by the Krueppel-associated box-zinc finger (KRAB-ZFP) proteins (ROWE et al. 2010; QUENNEVILLE et al. 2012; JACOBS et al. 2014) , which form a large family of repressive transcription factors. These transcription factors are among the fastest evolving group of genes in the human genome and their diversity facilitates their ability to recognize a large number of retrotransposons (NOWICK et al. 2010) .
Sequence-specific binding to retrotransposons by KRAB-ZFP factors triggers a cascade leading to chromatin-based silencing mechanisms (WOLF AND GOFF 2009).
RNAs of retrotransposons that escape transcriptional silencing are targeted and destroyed by the small RNA pathways in the cytoplasm (TOTH et al. 2016) . RNA-based mechanisms represent the most ancient defense against the genomic spread of repetitive DNA elements (FRIEDLI AND TRONO 2015) . These mechanisms comprise the action of small RNA molecules, including small interfering RNAs (siRNAs), PIWIinteracting RNAs (piRNAs) and microRNAs (miRNAs), which guide repressor protein complexes to particular targets in a sequence-specific manner. In addition to intervening at the post-transcriptional level, small RNAs can also intervene at the transcriptional level by directing deposition of repressive histone marks and DNA methylation to copies of retrotransposons and other elements (LE THOMAS et al. 2013) . piRNAs and siRNAs can be produced from repetitive DNA elements, which they silence in return (LAW AND JACOBSEN 2010). Thus, in many organisms, repetitive DNA serves as a trigger for gene silencing.
Repetitive DNA elements are not only abundant in vertebrate genomes.
Repetitive DNA elements also abound in model organisms with comparatively smaller genome sizes: repetitive DNA accounts for 34-57% of the total genome in Drosophila melanogaster (CELNIKER et al. 2002) , and at least 17% of the Caenorhabditis elegans genome (STEIN et al. 2003) . Repetitive DNA elements can also be generated experimentally. DNA transformation techniques in C. elegans produce repetitive extrachromosomal DNA arrays ("simple" arrays) (MELLO et al. 1991) . Several studies have shown that expression of transgenes organized in these repetitive arrays is silenced both in somatic cells and in the germline through heterochromatin formation, involving several chromatin factors (reviewed in (CUI AND HAN 2007) ). Somatic, and especially, germline transgene expression can be improved when the transgenic DNAs are cotransformed with an excess of carrier DNA, producing a less repetitive, more "complex" array (KELLY et al. 1997) .
Importantly, gene expression from repetitive genomic regions can still be observed, suggesting there are mechanisms that can modulate silencing effects (TSENG et al. 2007) . Multiple forward genetic screens in C. elegans have indeed identified factors that act to counter silencing of genes contained in repetitive sequences, based on screens for mutations that alter the activity of transgenes present in tandemly repeated arrays. (HSIEH et al. 1999; GRISHOK et al. 2005; TSENG et al. 2007; FISCHER et al. 2013) . In a classic study, mutations in tam-1 (a RING finger/B-box factor) were found to reduce the expression of transgenes organized in simple but not complex repetitive arrays (HSIEH et al. 1999) . Therefore, tam-1 is an "anti-silencing factor" that attenuates the context-dependent silencing mechanism affecting multi-copy tandem-array transgenes in C. elegans. A subsequent study identified mutations in another gene important for expression of repetitive sequences, lex-1, which genetically interacts with tam-1 (TSENG et al. 2007) . LEX-1 encodes a protein containing an ATPase domain and a bromodomain, both of which suggest that LEX-1 associates with acetylated histones and modulates chromatin structure. Hence, TAM-1 and LEX-1 are anti-silencing factors that function together to influence chromatin structure and to promote expression from repetitive sequences. Further studies found that tandem-array transgenes become silenced in most mutants that cause enhanced exogenous RNAi (SIMMER et al. 2002; KENNEDY et al. 2004; FISCHER et al. 2013) . Examples of gene inactivations known to cause increased transgene silencing and enhanced RNAi include the retinoblastomalike gene lin-35 (HSIEH et al. 1999; WANG et al. 2005; LEHNER et al. 2006) , the RNAdependent RNA polymerase rrf-3 (SIMMER et al. 2002) , and the helicase gene eri-6/7 (FISCHER et al. 2008) . Silencing of repetitive DNA elements (multi-copy transgenes) depends on a complex interaction between different small RNA pathways (FISCHER et al. 2013 ).
Here, we identify a novel locus, pals-22, whose loss confers a transgene silencing phenotype. pals-22 mutants display context-dependent array silencing, affecting the expression of highly repetitive transgenes but not single copy reporters.
Animals lacking pals-22 show locomotory defects and premature aging. pals-22 is a member of a large family of divergent genes defined by the presence of an ALS2CR12 domain. The ALS2CR12 domain protein family is specifically expanded in C. elegans, and pals gene family members are clustered in the genome. We found that transgene silencing on pals-22 mutants depends on the RNAi pathway, indicating that pals-22 might act as regulator of small RNA-dependent gene silencing.
MATERIALS AND METHODS
Mutant strains. Strains were maintained by standard methods (BRENNER 1974) . The C.
elegans mutant alleles used in this study were: pals-22(ot723), pals-22(ot810), pals-22(ot811), rde-4(ne301) (TABARA et al. 1999) and tam-1(cc567) (HSIEH et al. 1999) .
Reporter and transgenic strains. The C. elegans transgenic strains used in this study were otIs381 [ric-19 prom6 Microscopy. Worms were anesthetized using 100 mM sodium azide (NaN 3 ) and mounted on 5% agarose pads on glass slides. All images (except Figure 3 , B-C, and Figure S1C ) were acquired as Z-stacks of ~1 µm-thick slices with the Micro-Manager software (EDELSTEIN et al. 2010 ) using the Zeiss Axio Imager.Z1 automated fluorescence microscope. Images were reconstructed via maximum intensity Zprojection of 2-10 µm Z-stacks using the ImageJ software (SCHNEIDER et al. 2012) .
Images shown in Figure 3 , B-C, and Figure S1C were acquired using a Zeiss confocal microscope (LSM880 Computer swim analysis. The swimming assay was performed using the CeleST program as previously described (RESTIF et al. 2014) . In brief, we transferred five (day- (STEFANAKIS et al. 2015) . We identified three independent mutant alleles, ot723, ot810 and ot811, in which expression of ric-19 prom6 ::NLS::gfp was reduced throughout the nervous system in all animals examined (Fig. 1A, B ). Using our previously described whole-genome sequencing and mapping pipeline (DOITSIDOU et al. 2010; MINEVICH et al. 2012) , we found that all three mutations affect the same locus,
C29F9
.1 ( Fig. 2A, B Fig. 1B; Fig. 3B 
, D, E).
We also analyzed the expression of complex array (tandemly repeated transgenes with a less repetitive structure) and single copy reporter transgenes in pals-22 mutants (summarized in Table 2 ). One complex array transgene was silenced (unc- S1A ). Perhaps the much smaller reporter fragment unc-11p8::gfp generated more repetitive structures even in the context of "complex" arrays than the larger fosmidbased reporters. Importantly, single copy insertions or endogenously tagged genes are not affected by mutations in pals-22 (Fig. S1B, C ).
Similar to previously characterized transgene silencing mutants, such as tam-1 (HSIEH et al. 1999) , the reduction of reporter expression is temperature sensitive.
However, the direction of the sensitivity is inverted as compared to the tam-1 case: the decrease in ric-19 prom6 ::NLS::gfp expression is most pronounced at 15ºC, while the effect is milder at 25ºC (data not shown). We also found stage dependent variability: the decrease in transgene reporter expression is stronger as the animals develop, from mild differences in expression in early stages of development to more obvious defects at later stages (Fig. S2 ).
PALS-22 is a broadly expressed, cytoplasmic protein
To analyze the expression pattern of pals-22 we fused the entire locus to gfp (including 791 bp of 5' sequences and all exons and introns; Fig. 4A ). This reporter construct fully rescues the transgene silencing phenotype of pals-22(ot811) mutants (Fig. 4D) . Expression is observed widely across different tissues: nervous system (pan-neuronal expression), body wall and pharyngeal muscle, gut, seam cells, as well as the male tail (Fig. 4B, C) . A similar expression pattern is observed with a transcriptional reporter (791 bp of its upstream region fused to GFP; Fig. 4C ). The rescuing, translational reporter transgene revealed a strong, if not exclusive enrichment in the cytoplasm and appears to be excluded from the nucleus in most tissues (Fig. 4B) .
However, we cannot exclude the possibility that the nucleus contains low amount of functional PALS-22 protein.
pals-22 is a member of an unusual C. elegans gene family
The (Fig. 5A) . While there is only one ALS2CR12 domain containing protein in vertebrates such as mouse or human, the number of proteins containing this domain is strikingly expanded to a total of 39 distinct proteins in C. elegans ( Fig. 5A ; Table 3 ).
Drosophila seems to be completely devoid of ALS2CR12 domain-containing proteins.
The 39 C. elegans PALS proteins are very divergent from one another, as reflected in Table 3 with similarity scores of PALS-22 compared to other PALS proteins.
Besides poor paralogy, there is also poor orthology. For example, BLAST searches with PALS-22 picks up no sequence ortholog in C. briggsae, and the best homolog from another species (C. brenneri, CBN22612) is less similar to PALS-22 than some of the C. elegans PALS-22 paralogs. The divergence of C. elegans pals genes is also illustrated by the genome sequence of wild isolates of C. elegans in which many pals genes display an above-average accumulation of polymorphisms (VOLKERS et al.
2013)(Table 3).
The expansion of C. elegans ALS2CR12 domain-containing proteins appears to be nematode species-specific, as C. briggsae only contains 8 predicted proteins with an ALS2CR12 domain; other nematodes also contain significantly less ALS2CR12 domain proteins (Fig. 5A) . Such C. elegans-specific gene expansion is highly unusual, as shown in Fig. 5B . Among 3874 Panther protein domains analyzed, 2759 (71.2%) are present in the same number of genes in both C. elegans and C. briggsae, 128 (3.3%)
domains are present only in C. elegans, while 74 (1.9%) are present only in C. briggsae.
Most of the remaining domains are only slightly enriched in one species or the other.
Just 10 domains (0.3%) are enriched five times or more in C. elegans versus C.
briggsae (Fig. 5B) . Most of these domain families contain uncharacterized genes, even though many of them contain human and vertebrate orthologs. Among them, the ALS2CR12 domain has not only a noteworthy enrichment, but it also constitutes the family with the largest absolute number of genes (Fig. 5B) .
As perhaps expected from a species-specific expansion, the ALS2CR12 domainencoding pals genes are genomically clustered ( Table 3 ). Taking into account the C. elegans-specific family expansion it is not surprising to find a total lack of conservation in the regions encompassing most of the pals clusters (Fig. 6 ). Only one cluster on chromosome V shows some degree of conservation among other nematode species. Genes surrounding these regions are conserved, suggesting recent gene duplications in the non-conserved areas. The low conservation region in cluster III: -21.90 cM, contains many additional, non-conserved genes that are largely expanded in a nematode-specific manner, namely the previously analyzed fbxa genes (THOMAS 2006).
Local gene duplications seem a plausible mechanism for the origin of the expanded C. elegans pals gene family. Consequently, we reasoned that pals genes within the same cluster should be more similar among each other than to other pals. In order to explore this possibility, we built a phylogenetic tree to visualize the phylogenetic relationships between pals genes (Fig. 5C) . We included all C. elegans pals genes plus orthologs from C. briggsae, C. remanei, C. brenneri, mouse and human (based on presence of InterPro IPR026674). As expected, pals genes within the same cluster have a closer phylogenetic relationship, suggesting a shared origin.
According to modENCODE expression data (Celniker et al. 2009 ), most of the genes within each cluster are expressed in the same stage (e.g. all genes clustered in chromosome I are only found in L4 males), suggesting related functions ( Table 3) .
Perhaps most intriguingly, though, the majority of pals genes become upregulated upon exposure to specific pathogens, specifically the exposure to intracellular fungal pathogen (microsporidia) or by viral infection (BAKOWSKI et al. 2014; CHEN et al. 2017 ).
Induction of pals gene expression is also observed upon various other environmental insults (exposure to toxic compounds) )(summarized in recruiting an endonuclease to process long dsRNA into short dsRNA and is involved in exogenous as well as endogenous RNAi pathways (TABARA et al. 2002; PARKER et al. 2006; GENT et al. 2010; VASALE et al. 2010) . We find that loss of rde-4 completely suppresses the pals-22 mutant phenotype (Fig. 7B, C) . This result demonstrates that the gene silencing mediated by pals-22 deficiency requires the production of small dsRNAs.
Transgene silencing phenotypes have been observed in mutants that affect multiple distinct small RNA pathways, and exogenous RNAi responses are often enhanced in these mutants (SIMMER et al. 2002; LEHNER et al. 2006; FISCHER et al. 2013 ). Thus, we tested whether pals-22(ot811) shows an enhanced exogenous RNAi response. Using rrf-3(pk1426) as a positive control (SIMMER et al. 2002) , we detect enhanced dpy-13 or cel-1 RNAi phenotypes in pals-22(ot811) (dsRNA delivered by feeding; Fig. 7D ). We conclude that pals-22 physiological function might be related to the regulation of RNAi-dependent silencing in the cytoplasm, via a mechanism critical to its action as an anti-silencing factor.
Locomotory and aging defects of pals-22 mutant animals
The loss of pals-22 has striking physiological consequences. (Fig. 8) . Day 1 adult pals-22 mutants show a poor performance in swimming assays as evaluated by multiple parameters, including low wave initiation rate (akin to thrash speed), travel speed (distance moved over time), brush stroke area (area covered in unit time) and activity index (Fig. 8A) . On agar plates animals also were clearly impaired, displaying significantly decreased traveling speed (Fig. 8B) . All locomotory defects were rescued by the pals-22(+) extrachromosomal array.
Apart from the locomotory defects, we also noted abnormal survival of pals-22 mutants. Using standard lifespan assays, we observed premature death of pals-22
mutants, commending at about day 10 of adulthood ( Fig. 8C) . We also find that 5 day old adult animals display a signature change in aging, namely increased age pigment in the gut of adult worms (Fig. 8D) . In light of these premature aging phenotypes, we surmise that the locomotory defects described above may also be an indication of premature aging.
DISCUSSION
Together with a parallel study by Reddy and colleagues (REDDY et al. 2017) , our study provides the first functional characterization of the large, unusual family of pals genes in C. elegans. In the context of whole animal transcriptome profiling under different conditions, expression of members of the pals gene family has previously been shown to be induced upon various forms of cellular insults, ranging from exposure to intracellular fungal infections, to viral infection and to toxic compound exposure BAKOWSKI et al. 2014; CHEN et al. 2017) . We define here a function for one of the family members, pals-22 in controlling the silencing of repetitive DNA sequences.
Even though the biochemical function of PALS proteins is presently unclear, the upregulation of many pals genes under conditions of cellular stress suggest that this gene family may be part of a host defense mechanism that protects animals/cells from specific insults. The C. elegans-specific expansion of pals genes may relate to their potential function in fending off species-specific stressors and/or encounters with species-specific pathogens. Consistent with the species-specificity of pals gene function, it has been noted that distinct wild isolates of C. elegans display an aboveaverage accumulation of polymorphisms in most pals genes (VOLKERS et al. 2013 ).
The mutant phenotype of pals-22 as a transgene silencer, as well the dependence of this phenotype on small RNA production, indicates that PALS-22 may control gene expression via small RNA molecules. A role of PALS-22 in controlling gene expression is also illustrated in a parallel study in which pals-22 has been found to be required for the proper regulation of a battery of stress-and microspiridial infectioninduced genes, including many of the pals genes themselves (REDDY et al. 2017 Although it is difficult to unambiguously distinguish accelerated aging from general sickness, young adult pals-22 mutants clearly exhibit multiple features of aged animals-impaired mobility, elevated age pigments/lipofuscin, and shortened lifespan.
Increased expression of repetitive sequences has been documented in aging C.
elegans, Drosophila, and humans, and has been suggested to contribute to genomic instability and cell dysfunction (SEDIVY et al. 2013) ; the physiological effect of decreases in the expression of repetitive sequences has not been explored. However, we note that other transgene silencing mutants (which are also RNAi hypersensitive), like rrf-3 and eri-1, do not display an aging defect (ZHANG et al. 2009; REN et al. 2012) . pals-22 may therefore be involved in novel aspects of small RNA-dependent gene silencing that may control the expression of genes involved in animal physiology. and rrf-3(pk1426) compared to WT; ***p < 0.001, **p < 0.01, *p < 0.05.
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